Taosheng Huang, MD, PhD Holt-Oram syndrome is an autosomal-dominant condition characterized by congenital cardiac and forelimb anomalies. It is caused by mutations of the TBX5 gene, a member of the T-box family that encodes a transcription factor. Molecular studies have demonstrated that mutations predicted to create null alleles cause substantial abnormalities in both the limbs and heart, and that missense mutations of TBX5 can produce distinct phenotypes. One class of missense mutations causes significant cardiac malformations but only minor skeletal abnormalities; others might cause extensive upper limb malformations but less significant cardiac abnormalities. Intrafamilial variations of the malformations strongly suggest that genetic background or modifier genes play an important role in the phenotypic expression of HOS. Efforts to understand the intracellular pathway of TBX5 would provide a unique window onto the molecular basis of common congenital heart diseases and limb malformations. 
Clinical features
Holt and Oram first described this syndrome when they reported on a family with atrial septal defects and congenital anomalies of the thumbs [1] . Since then, about 200 clinical papers have been published that further delineate the clinical features of Holt-Oram syndrome (HOS). The prevalence of HOS is 1 of 100,000 live births, and it occurs with wide ethnic and geographic distribution. Its clinical manifestations have proved to be variable [2,3•,4 •], but with complete penetrance. All patients with HOS have upper limb anomaly and about 85% to 95% have cardiac malformation. On the basis of these findings, the criteria for diagnosis include either the presence of cardiac malformations, conduction defects and radial ray abnormalities (or both) in an individual, or the presence of radial ray abnormalities with or without cardiac malformations or conduction defects in individuals with a family history of HOS [5••] . The family history should be consistent with autosomal-dominant inheritance.
Cardiac defects
Secundum-type atrial septal defect (ASD) and ventricular septal defect (VSD) are the most common heart defects. Other cardiac defects range from asymptomatic conduction disturbances (first-degree heart block) to multiple structural defects. Almost every type of cardiac anomaly has been reported, either singly or as part of a group of multiple defects [6] [7] [8] . Sudden death from heart block has been reported. Bruneau et al. summarize the defects in 240 patients [9••] . Among these patients, 58% had ASD, and 28% have VSD. Less common anomalies, such as conduction defect, truncus arteriosus, mitral valve defect, patent ductus arteriosus, and tetralogy of Fallot, occur in 18%, 8%, 4%, 4%, and 3%, respectively.
In an earlier series of studies [3•], heart defects in 189 patients were classified by severity. Among these patients, 66% had single abnormalities, including isolated conduction defects; 16% had "mild" combinations consisting of two or three malformations (eg, ASD, VSD); 11% had "moderate" combinations that required more complicated surgical repair (eg, tetralogy of Fallot and endocardial cushion defect); and 6% had "severe" combinations with life-threatening defects, including hypoplastic left heart, total anomalous pulmonary venous return, and truncus arteriosus.
Diagnosis of heart defects requires electrocardiography and two-dimensional echocardiography with doppler.
Cardiac catheterization may be required to fully define a defect.
Upper limb anomalies
Skeletal abnormalities affect the upper limbs exclusively; lower limb abnormalities have not been reported. The abnormalities are always bilateral and often asymmetric, predominantly involving the radial ray. The thumb is the most commonly affected structure and can be triphalangeal, hypoplastic, or completely absent. Abnormalities range from minor (clinodactyly of the fingers, limited supination of the forearms, and sloping shoulders) to severe (reduction deformities, including phocomelia and ectromelia). Clinical recognition of subtle limb anomalies in patients with HOS can require both physical examination and radiographs of the upper extremities.
Poznanski et al. demonstrated that carpal abnormalities are more specific for HOS than are changes in the thumb [10] . Other radiographic abnormalities include posteriorly and laterally protuberant medial epicondyles of the humerus, hypoplastic clavicles, shortened radii, and ulnar hypoplasia (occurring only in patients with radial defects).
Overlapping conditions and differential diagnosis
Other congenital malformations reported with cardiac malformation and upper limb anomalies, include lung hypoplasia and cardiomyopathy, postaxial or central polydactyly, arachnodactyly, thoracic scoliosis, hemiatrophy of the body, high myopia, Hirschsprung disease, malformations of the urinary system, the RokitanskyKuster-Hauser syndrome, cryptorchidism, malformations of renal and cerebral arteries, hypoplastic peripheral upper extremity vasculature, hypoplasia of the left radial artery, pulmonary hypertension, multiple strokes and end-stage renal failure, and malignant tumors [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These reports probably reflect fortuitous occurrences or represent different conditions. To date, no mutations in TBX5 have been found in individuals with "atypical" phenotypes (Huang et al., unpublished data).
The following autosomal-dominant conditions need to be considered for differential diagnosis:
• Fanconi anemia syndrome is characterized by congenital abnormalities. These abnormalities include malformations of the thumbs, forearms, and heart; progressive bone marrow failure with pancytopenia, typically in the first decade; and increased risk for myelodysplasia or acute myelogenous leukemia. The diagnosis of Fanconi anemia syndrome relies on detection of chromosomal breakage or rearrangements in the presence of diepoxybutane or mitomycin C.
• Thrombocytopenia-absent radius: both radii are always absent; the thumbs are always present. By contrast, radial aplasia in HOS is invariably associated 
Genetic counseling and management
Genetic counseling should be provided to all patients with HOS. Of probands, 60% to 70% have an affected parent, and 30% to 40% have a de novo mutation. Evaluation of both parents is recommended, including physical examination and radiographs of the upper extremities to detect subtle changes of the thumb and carpal bones, and examination of the heart, including electrocardiogram and echocardiogram are recommended.
Risk to siblings depends on the genetic status of the parents. If one of the parents is affected, the siblings of a proband have a 50% risk of inheriting the diseasecausing mutation. When the parents are clinically unaffected, the risk to the siblings of a proband appears to be low. Each individual with HOS has a 50% chance of inheriting the disease-causing mutation.
For individuals with conduction defects, regular electrocardiograms are recommended, as conduction defects can get worse with time. Many patients with severe atrioventricular block will need pacemakers. Antiarrhythmic drugs have been used for patients with atrioventricuolar block, but not for prophylaxis.
Molecular studies
The To determine the roles of background modifier genes and environment in the phenotypic expression of HOS, we identified a pair of identical twins affected with HOS and compared the clinical features in such genetically identical individuals (monozygotic twins) (Huang et al., unpublished data). Such a comparison provides a tremendous lens onto the role of genetic background and other factors that might contribute to the phenotypic expression of HOS. The twins were first diagnosed based on their hand and heart abnormalities, and their monozygosity was confirmed by genotyping. The same 1-base pair (bp) deletion was detected in both twins. The deletion was predicted to cause a frameshift in the TBX5 coding region, which would be truncated at amino acid residue 263. The defective allele probably encoded an inactive TBX5. Then we analyzed their clinical features. Both twins had similar complex cardiac defects, including secundum ASD, a large membranous VSD, and multiple muscular defects. They also had identical forearm defects: hypoplastic bilateral radial bones, radial club and delayed carpal ossification. However, the hands of the twins were not identical: one twin lacked both thumbs, whereas the other had a remnant of the distal and proximal phalanges of the right thumb and distal phalanx hypoplasia of the left thumb. Thus, although the clinical features of the twins were strikingly similar compared with the wide range of phenotypes observed among individuals bearing the same TBX5 mutations, the discordant features do exist, suggesting that genetic background alone cannot explain discordant features in monozygotic twins. Furthermore, most patients with HOS show asymmetric limb anomalies. Thus far, it seems that all genes identified to be involved in limb development are bilaterally expressed in the developing limb. These observations suggest that factors other than the TBX5 mutation itself and genetic background might contribute to this phenotypic variability.
TBX5 intracellular pathway and prospects
It is likely that elucidation of the TBX5 intracellular pathway will open a new venue to study the causes of common congenital heart and limb anomalies. TBX5 was found to bind to the T-box binding elements in vitro [33•] . It is possible to identify the candidate genes that might be regulated by TBX5 by searching the human genome database using consensus binding sequences.
The genes, particularly those expressed in the developing heart and limbs, would be promising candidates for congenital heart disease and limb malformation. Because TBX5 binding specificity could be determined by a complex of molecules and such cofactors could be heterogeneous, such a nextwork could be complex.
By analyzing Tbx5 knockout mice, Bruneau et al. have shown that several genes are regulated by Tbx5, including atrial natriuretic factor (ANF) and connexin 40 (Cx40) [36••] . Availability of such an animal model allows us to analyze the gene expression pattern using a DNA chip and, therefore, to identify the TBX5 targets that might play important roles in heart development and even be involved in human congenital heart diseases.
TBX5 as a transcription factor was found to interact with NKx2.5 and to synergetically regulate other genes [36••,37•]. However, TBX5 may have other partners, some of them tissue-specific and others spatially regulated. Understanding its protein-protein interactions in a developing heart can also lead to the identification of candidate genes involved in common congenital heart diseases.
The availability of a TBX5 promoter DNA sequence would facilitate isolation of the gene(s) regulating TBX5 expression. We believe these efforts will lead to the identification of the molecular cascades of TBX5 and could provide a unique window onto the causes of more common congenital heart diseases and limb malformations. The clinical and genetic spectrum of the Holt-Oram syndrome (heart-hand syndrome) N Engl J Med 1994, 330:885-891. The disease locus was linked to human chromosome 12q24.1 in two large families, which showed that an intrafamilial pattern of abnormalities does exist. Family A has 19 affected individuals. Clinical evaluation showed that many of them had different cardiac defects. Some individuals had multiple defects, whereas others show vascular hypoplasia without defects in the heart itself. The skeletal anomalies were also variable. In contrast to family A, family B showed severe skeletal abnormalities but milder cardiac malformations. These results strongly suggest that genetic background or modifier genes play an important role in the phenotypic expression of HOS.
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